Activity of the RNA ligase RtcB has only two known functions: tRNA ligation after intron removal and XBP1 mRNA ligation during activation of the unfolded protein response. Here, we show that RtcB acts in neurons to inhibit axon regeneration after nerve injury. This function of RtcB is independent of its basal activities in tRNA ligation and the unfolded protein response. Furthermore, inhibition of axon regeneration is independent of the RtcB cofactor archease. Finally, RtcB is enriched at axon termini after nerve injury. Our data indicate that neurons have co-opted an ancient RNA modification mechanism to regulate specific and dynamic functions and identify neuronal RtcB activity as a critical regulator of neuronal growth potential.
Edited by Gary Ruvkun, Massachusetts General Hospital, Boston, MA, and approved May 21, 2015 (received for review February 16, 2015) Activity of the RNA ligase RtcB has only two known functions: tRNA ligation after intron removal and XBP1 mRNA ligation during activation of the unfolded protein response. Here, we show that RtcB acts in neurons to inhibit axon regeneration after nerve injury. This function of RtcB is independent of its basal activities in tRNA ligation and the unfolded protein response. Furthermore, inhibition of axon regeneration is independent of the RtcB cofactor archease. Finally, RtcB is enriched at axon termini after nerve injury.
Our data indicate that neurons have co-opted an ancient RNA modification mechanism to regulate specific and dynamic functions and identify neuronal RtcB activity as a critical regulator of neuronal growth potential.
axon regeneration | RNA ligation | RtcB T he RNA ligase RtcB is the only known RNA ligase in metazoans. RNA ligation by RtcB is required for the maturation of intron-containing tRNAs (1) (2) (3) , and also, it is required to process the transcription factor xbp-1 mRNA and activate the unfolded protein response (UPR) (4) (5) (6) . Other than these two basic cellular processes, which are likely common to all metazoan cells, no functions for RNA ligation or RtcB are known. The nervous system is a site of expanded RNA processing after transcription. For example, neurons regulate alternative premRNA splicing in response to activity (7) (8) (9) (10) and are highly enriched for mRNA editing (11) (12) (13) . Here, we define a neuron-specific function for RtcB activity in regulating axon regeneration and show that this neuronal function is independent of RtcB's activities in tRNA and xbp-1 ligation.
RtcB activity in neurons inhibits axon regeneration. We assayed axon regeneration in the GABA motor neurons of Caenorhabditis elegans using single-neuron laser axotomy (14) . Mutants in the single C. elegans ortholog of RtcB, rtcb-1(gk451) (5), exhibited increased regeneration to the dorsal nerve cord (DNC) at 24 h after injury, consistent with previous data ( Fig. 1  A and B) (15) . Increased DNC regeneration was reduced to WT levels by introduction of a single-copy WT RtcB transgene (Fig.  1A) . The increase in DNC regeneration is not caused by the trivial explanation that RtcB animals are narrower than the WT. At 6 h after injury, a time point at which neurons in WT animals are just initiating regeneration (15) (16) (17) , a substantial fraction of axons in RtcB mutants had already regenerated to the DNC (Fig.  1C) . Furthermore, WT animals did not regenerate as well as RtcB mutants, even when given additional time to regenerate (Fig. 1C) . Finally, rescuing the overall growth defects of RtcB mutants did not alter the effect of loss of RtcB on axon regeneration (Fig. 2) . Thus, loss of RtcB results in faster and more successful axon regeneration. Increased regeneration depends on loss of RtcB in neurons, because expressing WT RtcB under a GABA-specific promoter restored DNC regeneration to WT levels (Fig. 1A) . DNC regeneration levels were not restored when the rescue construct contained a point mutation that eliminates ligase activity (H428A) (18) (19) (20) (21) , showing that RtcB inhibits axon regeneration cell autonomously through its ligase activity.
RtcB's neuronal regeneration function is independent of its function in tRNA maturation. Intron-containing tRNAs are processed in a two-step mechanism that requires cleavage and release of the intron by the splicing endonuclease complex and subsequent ligation of the 5′ and 3′ exons by a ligation complex containing RtcB ( Fig. 2A) (22) . Consequently, RtcB mutants have tRNA processing deficits that cause growth defects and shortened lifespan, and these deficits can be rescued by providing prespliced tRNAs that do not contain introns and therefore, do not require RtcB for processing (5) . However, prespliced tRNAs had no effect on the axon regeneration phenotype of RtcB mutants (Fig. 2D ). To confirm that RtcB inhibits axon regeneration independently of tRNA ligation, we generated mutants for two additional components of the tRNA splicing pathway-TSEN2 and archease-using the CRISPR/cas9 system (23) . TSEN2 is a catalytic component of the splicing endonuclease complex, and it is required for intron cleavage and release (24) (25) (26) . Archease is an RtcB cofactor that promotes tRNA ligation by enabling the formation of an RtcB-guanylate intermediate (27, 28) . Mutation of the C. elegans TSEN2 and archease orthologs encoded by tsen-2/Y56A3A.11 and arch-1/C43H8.1, respectively, resulted in growth defects that were rescued by prespliced tRNAs, similar to RtcB mutants ( Fig. 2 C and D) . However, unlike RtcB, neither TSEN2 nor archease mutants had any phenotype in axon regeneration (Fig. 2B) . Together, these data indicate that, although RtcB mutants have defects in tRNA processing (5), loss of this activity does not account for the effect of RtcB activity in neurons on axon regeneration.
Significance
Neurons use RNA modification to control specific functions by generating increased complexity and dynamism relative to the static genome. Known mechanisms of neuronal RNA modification include neuron-specific regulation of alternative splicing and mRNA editing by adenosine deaminases. Here, we identify a previously unidentified mechanism for RNA modification in neurons that is mediated by the RNA ligase RtcB. RtcB activity acts in neurons to regulate axon regeneration, and this neuronal function is independent of RtcB's previously identified roles in tRNA and XBP1 mRNA ligation. RtcB's function in axon regeneration is also independent of its cofactor archease, and RtcB translocates from the cell body of neurons to the stumps of injured axons. Taken together, these data establish a new function and mechanism for RtcB in inhibiting axon regeneration.
RtcB's neuronal regeneration function is independent of its function in the UPR. Other than tRNA ligation, the sole known function of RtcB is in ligating the xbp-1 mRNA during the IRE1/ XBP1 branch of the UPR (4-6). Because RtcB mutants cannot ligate the xbp-1 mRNA after it is cleaved by IRE-1 under conditions of protein stress, xbp-1 mRNA fragments accumulate, and XBP-1 transcriptional targets fail to express (5) . However, xbp-1 mutants, which also fail to activate the IRE1/XBP1 branch of the UPR (29, 30), do not have an increase in axon regeneration ( Fig. 3A) , consistent with previous results (15) . Rather, unlike RtcB mutants, xbp-1 mutants displayed a defect in axon regeneration-although they initiated growth in response to injury at approximately normal levels, this regenerative growth was often dysmorphic (Fig. 3B ). Dysmorphic growth included axons that formed growth cones that grew toward the ventral nerve cord and axons that sprouted processes from the base of the axon near the ventral nerve cord instead of forming a growth cone near the injury site. To determine whether lack of the UPR contributes to the regeneration phenotype of RtcB mutants, we expressed preligated xbp-1 S in the RtcB mutant background. When expressed in the intestine of either WT animals or RtcB mutants, xbp-1 S expression resulted in activation of the UPR (as indicated by activation of the Phsp-4::GFP UPR reporter) independently of protein stress, consistent with the idea that loss of the UPR in RtcB mutants is specifically caused by lack of xbp-1 ligation (Fig. 3C) . However, expression of xbp-1 S in GABA neurons or panneuronally had no effect on axon regeneration (Fig. 3A) . We also tested UPR activity in archease mutants, because archease is required in cultured cells along with RtcB to efficiently ligate the xbp-1 mRNA (4). We found that archease mutants fail to activate the UPR reporter (Fig. 3D ), similar to RtcB mutants (5). However, archease mutants do not have a phenotype in axon regeneration (Fig. 2B ). Taken together, these data indicate that RtcB regulates axon regeneration independently of its function in ligating the xbp-1 mRNA and activating the UPR.
RtcB has an injury-dependent localization in neurons. tRNA ligation occurs in the nucleus, whereas ligation of xbp-1 takes place in the cytoplasm (31) (32) (33) (34) (35) . We determined RtcB localization in intestinal cells and GABA neurons with a functional red fluorescent protein (RFP)-tagged protein that rescues the UPR (5) and axon regeneration (Fig. 1A) . In intestinal cells, RtcB was found in both the nucleus and cytoplasm ( Fig. 4A) (5) . Consistent with its role as an RtcB cofactor for both tRNA ligation and xbp-1 ligation (Figs. 2 and 3) (27, 28) , archease was also found in the nucleus and cytoplasm of intestinal cells and colocalized with RtcB (Fig. 4A) . By contrast, neuronal RtcB was tightly associated with a perinuclear compartment and only weakly present in the remainder of the cell body; little or no RtcB was detectable in neuronal processes (Fig. 4B) . A similar localization pattern was also observed with GFP-tagged RtcB, with the GFP tag located at either the N terminus or at an internal site (Fig. S1 ). Archease localization in neurons was nuclear-cytoplasmic, similar to its localization in intestine and different from neuronal RtcB. Catalytically inactive TagRFP-RtcB(H428A) displayed similar expression and localization as the WT protein (Fig. 4C) , indicating that, although RtcB's catalytic activity is required for its function in regeneration (Fig. 1A) , this activity does not mediate its localization in neurons. Because RtcB functions to regulate axon regeneration, we determined localization after injury and found that, although RtcB is excluded from the commissures of uninjured neurons, laser injury resulted in the accumulation of RtcB at the tips of injured axons (Fig. 4D) . Our results identify a novel, neuron-specific role for the RNA ligase RtcB in inhibiting axon regeneration. The rapid initiation of axon regeneration after injury in RtcB mutants and the robust growth of mutant axons back to targets in the DNC indicate that RtcB activity normally functions to suppress an intrinsic growth capacity of neurons. Suppressing regeneration may allow for proper control of neuronal wiring or may occur to conserve resources needed to address trauma normally associated with axonal injury. In metazoan cells, the known functions of RtcB in tRNA and xbp-1 mRNA ligation require its cofactor archease (4, 28) . Our in vivo data show that, like RtcB mutants (5), archease mutants have defects in tRNA maturation and the UPR (Figs. 2  and 3 ). However, loss of RtcB but not loss of archease results in increased axon regeneration. RtcB mutants have reduced tRNA levels and also, accumulate tRNA fragments (5), and neurological phenotypes are linked to accumulation of tRNA fragments and disruptions of tRNA processing (36) (37) (38) (39) . Because archease mutants also fail to ligate tRNAs ( Fig. 2 C and D) (28) but do not have altered regeneration (Fig. 2B) , neither lack of mature tRNAs nor accumulation of unligated tRNA fragments mediate RtcB's regeneration function. Similarly, neither failure to activate the UPR nor accumulation of unligated xbp-1 mRNA fragments account for the increased regeneration in RtcB mutants (Fig. 3) . Rather, our data indicate that RtcB activity in neurons acts independently of known targets to inhibit axon regeneration. Furthermore, this role in regeneration is independent of archease at the level of both RtcB function and RtcB's subcellular localization. RtcB is a component of a neuronal RNA trafficking granule (40) , and our finding that RtcB traffics to the tip of injured axons (Fig. 4) suggests that RNA ligation may inhibit regeneration at the site of injury. Together, our data suggest that neurons use RtcB in a cell-and context-dependent way to modify RNA and regulate cellular functions. To make transgenic animals with extrachromosomal arrays, the relevant constructs were microinjected (41, 42) . The concentration of each injected plasmid was Punc-47::TagRFP-rtcb-1 (2 ng/μL), Punc-47::TagRFP-rtcb-1(H428A) (2 ng/μL), Punc-47::GFP-rtcb-1 (2 ng/μL), Punc-47::rtcb-1_InGFP (2 ng/μL), Punc-47:: arch-1-GFP (3 ng/μL), and Pspl-1::xbp-1s (20 ng/μL). pRF4(rol-6) (40 ng/μL) or Pmyo-2::mCherry marker (2 ng/μL) was used as an injection marker. Transgenic worms were selected based on Pmyo-2::mCherry expression or roller phenotype generated by pRF4(rol-6) dominant overexpression.
CRISPR Mutations. tsen-2 And arch-1 mutants were generated using CRISPR as described previously (23) . The mutation in arch-1(wp16) resulted in a 7-bp deletion, which led to the first 13 amino acids remaining the same followed by mismatched amino acids until an early stop at 48 amino acids. The mutation in tsen-2(wp15) was a 2-bp deletion that resulted in the first 16 amino acids remaining the same followed by mismatched until an early stop at 18 amino acids.
UPR Fluorescent Reporter Assay. UPR assay was performed as described previously (5, 43) . Animals at the L4 stage were placed on NGM plates with 5 μg/μL tunicamycin for ∼24 h. RtcB homozygotes [rtcb-1(gk451);zcIs4[hsp-4:: GFP]] or archease homozygotes [arch-1(wp16);zcIs4[Phsp-4::GFP]] were isolated from balanced heterozygotes. Heterozygous rtcb-1(gk451)/hT2;zcIs4 [Phsp-4::GFP] or arch-1(wp16)/hT2;xcIs4[Phsp-4::GFP] served as a control. To rescue the UPR defects in RtcB mutants, the transgene encoding Pspl-1::xbp-1s (20 ng/μL) was injected into the balanced RtcB heterozygotes. Animals were mounted on 3% (wt/vol) agarose pads, imaged with UltraVIEW VoX (PerkinElmer) Spinning Disk Confocal Microscopy, and subsequently processed with Volocity (Improvision).
Cell Biology. Transgenic animals expressing relevant transgenes were examined for localization at 4th larval stage (L4) or young adult stage. pFR4(rol-6) was used as an injection marker to efficiently observe the colocalization of RTCB-1 with ARCH-1 in GABAergic neuronal cell bodies on the ventral nerve cord. To test the RTCB-1 localization in GABAergic neurons after axotomy, selected axons in transgenic animals expressing TagRFP-RTCB-1 were cut using a Micropoint Laser from Photonic Instruments (10 pulses at 20 Hz). The axotomized animals were recovered to NGM plates; 24 h later, the animals were mounted on 3% agarose pads and imaged. Postaxotomy images were acquired with an Olympus DSU mounted on an Olympus BX61 Microscope, an Andor Neo sCMOS Camera, and a Lumen Light Source and subsequently, processed with ImageJ. identify heterozygous arch-1(wp16) mutants. Error bars indicate 95% confidence interval. NS, not significant; *P < 0.05; **P < 0.005; ***P < 0.0005.
Molecular Biology. Gateway recombination (Invitrogen) was used to generate Punc-47::arch-1::GFP, Pspl-1::TagRFP::rtcb-1, and Punc-47::TagRFP::rtcb-1 (H428A). Entry clones were generated using Phusion High-Fidelity DNA Polymerase (NEB) or Q5 High-Fidelity DNA Polymerase (NEB). To generate the entry clone encoding TagRFP::rtcb-1(H428A), site-directed mutagenesis was used to introduce the point mutation (H428A) in WT TagRFP::rtcb-1 in the entry vector, which was previously generated (5).
To create the entry clone encoding GFP::rtcb-1, the rtcb-1 coding regions were amplified from the TagRFP::rtcb-1 entry clone, and GFP was amplified with primers with the flexible linker sequences. To generate the rtcb-1:: internal GFP entry clone, the rtcb-1 cDNA coding region was amplified from the pTE049 plasmid encoding rtcb-1 cDNA in entry vector, and the GFP coding region was amplified with primers with the flexible linker sequences. The final plasmids were assembled in a two-fragment Gibson reaction. To prepare the xbp-1s entry clone, the xbp-1 coding sequence was amplified from genomic DNA extract and subsequently, processed by the site-directed mutagenesis to remove the intron that is edited by RtcB. The arch-1 cDNA entry clone was prepared by PCR amplification using the cDNA library as a template.
Primers Laser Axotomy. Laser axotomy was performed as described previously (44) . Briefly, L4 stage worms were mounted on microscope slides visualized with a Nikon Eclipse 80i Microscope using a 100× Plan ApoVC Lens (1.4 N.A.) . The two or three of seven most posterior ventral and dorsal D-type (VD/DD) GABA motor neurons were cut using a Photonic Instruments Micropoint Laser at 10 pulses and 20 Hz. Worms were recovered to plates and scored for regeneration 6, 24, or 48 h after axotomy. Axons were only scored if the severed distal stump was present to confirm successful axotomy. Axons were scored for regeneration back to the DNC. All axotomies were carried out in strains containing the oxIs12[Punc-47::GFP] genetic background; 95% confidence intervals were determined using the Wald method, and two-tailed P values were determined using Fisher's exact test. Body Length Measurements and Analysis. To examine the body lengths of tRNA mutant animals during development, 50 gravid adults were placed on a seeded NGM plate to lay eggs for 2 h. Eggs laid during this period were incubated at 20°C for 48, 72, or 96 h. Mutant animals were identified under a Zeiss M2BIO Fluorescence Dissecting Microscope for lack of green fluorescence. Before each experiment, two to three animals were picked onto an unseeded NGM plate and allowed to move freely for 10 min. A picture of each animal was taken with a Point Gray Camera (FL3-FW-03S3M-C) in WormLab (MBF Bioscience). A photo of a micrometer was taken under the same condition during each experiment for length calibration. ImageJ software (NIH) was used to measure body length by drawing a freehand midline from the tip of the nose to the tip of the tail of each animal. The resulting body lengths were averaged for a total of 20 animals per genotype per time point.
